Abstract. Using infrared hyperspectral imaging, microscopy of small particles of the explosives compounds RDX, tetryl, and PETN with near diffraction-limited performance is demonstrated. The custom microscope apparatus includes an external cavity quantum cascade laser illuminator scanned over its tuning range of 9.13 to 10.53 μm in 4 s, coupled with a microbolometer focal plane array to record infrared transmission images. The hyperspectral microscopy technique is used to study the infrared absorption spectra of individual explosives particles, and demonstrate subnanogram detection limits.
Introduction
Hyperspectral imaging using broadly tunable external cavity quantum cascade lasers (ECQCLs) offers the potential for high-speed chemical imaging of gas, liquid, and solid compounds over a wide range of magnifications. Operating in the mid-infrared (MIR) "fingerprint" spectral region of 3 to 25 μm, ECQCLs provide a high-brightness tunable laser source for infrared spectroscopy and imaging. We have previously demonstrated hyperspectral imaging using ECQCL illumination in both transmission and reflection geometries; however, the spatial resolution of these systems was limited as they were designed for imaging large fields-of-view. 1, 2 We have recently adapted these hyperspectral imaging techniques to microscopy applications, in which the infrared absorption spectra of small particles or spatial features can be studied. 3 Microscopic chemical imaging in the MIR spectral region is often performed using Fourier-transform infrared (FTIR) spectroscopy techniques. [4] [5] [6] However, the low spectral radiance of the broadband thermal illumination source places limitations on this technique. As a result, acquiring high signal-to-noise ratio (SNR) images demands long data acquisition times, especially when high magnification or high spectral resolution is desired. Many of the limitations can be overcome using synchrotron radiation sources to provide a higher spectral radiance, [7] [8] [9] but these systems can have a high cost and low availability.
Laser sources in the MIR provide a high spectral radiance and coherent beam well suited to microscopy applications, 10 but have often been limited by a lack of wavelength tuning range. The quantum cascade (QC) laser has emerged as a high performance semiconductor laser for MIR spectroscopy, offering high output power and high spectral radiance in a compact and robust device. 11 Early uses of QC lasers in microscopic chemical imaging capitalized on their high brightness, 12 but were limited by a small wavelength tuning range. The ECQCL source overcomes this limitation by providing a tuning range of 10% to 20% of its center wavelength or greater. 13 The high spectral brightness enables fast acquisition of hyperspectral images at a large number of spectral bands, and allows use of a lowcost uncooled microbolometer focal plane array (FPA) detector 2 instead of a cryogenically cooled HgCdTe (MCT) detector. While this manuscript presents results from using ECQCLs in far-field microscopy, recent studies are applying ECQCLs to near-field microscopy techniques, allowing combined spectroscopy and imaging on nanometer length scales. 14, 15 Development of new techniques for rapid detection and identification of explosives is currently an area of high interest and need. 16, 17 Standoff or noncontact techniques are often required for in-field detection when physical sampling is undesirable due to safety concerns, access limitations, need to preserve sample integrity, or slow speed of laboratory analysis. Optical techniques have many advantages for non-contact detection of solids including explosives, using light to interact with a sample and propagate spectral information potentially over long distances. Techniques using MIR light in particular show great promise for standoff explosives detection due to the richness of spectral information and high absorption cross sections in the MIR. Many investigations using QC laser illumination for standoff detection of explosives have been reported. 1, [18] [19] [20] [21] However, interpretation of the detected spectra from solid materials including explosives is challenging for relevant samples, increasing the difficulty of reliable threat detection. 22 For the case of detecting explosives particles or residues on a surface, the observed spectrum can include effects not only from the material composition, but also from effects such as sample morphology, particle density, or observation geometry. Because standoff techniques at large distances are limited in spatial resolution, the observed spectra are typically averages over multiple particles or regions of a residue. To help understand the fundamental spectroscopy of the individual small particles, we are motivated to apply microscopic spectroscopy techniques to the problem of explosives detection. Understanding the spectroscopy of small particles will provide insight into the spectra resulting from observation of a collection of particles.
For example, plastic-bonded explosives C-4 and Semtex contain particles of cyclotrimethylenetrinitramine (RDX) and/or pentaerythritol tetrantitrate (PETN) in a matrix of binders, and a range of particle sizes may be present in residues from fingerprints. 23 The work presented in this paper shows that small nanogram-scale particles of explosives can be imaged with spatially resolved infrared transmission spectra, providing a first step toward these fundamental spectroscopic investigations. In addition, the work demonstrates that subnanogram detection limits for explosives particles are possible, which may have applications for trace detection of explosives and other materials.
In this paper, we describe a custom apparatus used for microscopic hyperspectral imaging of explosives particles and residues. An ECQCL operating in the 9.13 to 10.53 μm wavelength range was coupled with an infrared FPA and infrared optics to allow imaging with near diffraction-limited performance. The combination of a tunable infrared laser and an FPA detector allows rapid data acquisition with high SNR. By tuning the ECQCL illumination wavelength and acquiring a hypercube consisting of images at each wavelength, we measure the infrared transmission spectrum of explosives particles, and use this information for identification and characterization. Absorption spectra of explosives particles with nanogram to subnanogram mass are measured. We present an example of a matched filter analysis of hyperspectral images for material identification based on infrared absorption spectra. A noise characterization of the system is performed and used to predict system performance for general materials with infrared absorption. While we have applied the hyperspectral microscopy system to measure explosives particles, the apparatus could be used to study a wide range of materials with applications in materials science, solid-state spectroscopy, and biology. Figure 1 (a) shows a schematic of the imaging setup used in these experiments. The setup provided transmission microscopy of particles in the sample plane, with imaging provided by an infrared FPA. The FPA detection allows for high-speed image acquisition, which is beneficial in hyperspectral imaging applications where images must be acquired at different wavelengths. To provide active illumination of the samples, an ECQCL designed and constructed in our laboratory was used. The ECQCL design and general performance has been reported previously, 24 so here we only present the relevant features for this study. The QC laser device was designed to emit at a center wavelength of 9.75 μm. The device had an antireflection coating on the front facet and a high-reflection coating on the back facet. Current was supplied to the QC laser using a custom current controller providing a sinusoidal waveform at 100 kHz frequency with 0 to 1100 mA current. The QC device was held at 15°C using a thermoelectric cooler, and was placed into a Littman-Metcalf external cavity configuration, which provided wavelength selection and tuning through a galvanometer-mounted tuning mirror.
Experimental Setup
The ECQCL provided a tuning range of 950 to 1095 cm −1 (9.13 to 10.53 μm), with average powers up to 5 mW, as shown in Fig. 1(b) . The ECQCL could be scanned over its entire tuning range in less than 50 ms if desired; however, for the studies presented here it was scanned over its tuning range in 4 s, limited by the frame rate of the FPA. Wavelength calibration was performed by transmitting the ECQCL beam through a gas cell containing methanol and matching the observed absorption peaks to those in the Northwest Infrared (NWIR) spectral library. 25 The collimated ECQCL output beam had a 1∕e 2 diameter of 3.5 mm; however, propagation over the 2 m distance to the sample increased the beam diameter significantly. Therefore, to increase the illumination intensity at the sample, an additional 2 in. diameter 100 mm focal length lens was inserted into the ECQCL beam path. The distance from this lens to the sample was adjusted to provide high illumination intensity at the sample without saturating the FPA detector. Note that an optimized system could be made more compact than the demonstration system presented here.
The thermal infrared camera (FLIR Thermovision A40) used an uncooled microbolometer FPA with 320 × 240 pixels. Digital 16-bit images were acquired at a rate of 25 Hz, synchronized with the tuning of the ECQCL. For the studies here, the four-second acquisition time provided a hypercube with 100 wavelength bands separated by approximately 1.5 cm −1 (15 nm). Figure 1 (c) shows a graphical representation of an image hypercube acquired by the system. Each hypercube consists of 100 images acquired at different illumination wavelengths; equivalently, each image pixel contains the sample transmission at each of the 100 sampled wavelengths. For diagnostic purposes including background subtraction of the ambient thermal radiation, images were acquired for wavelengths outside the ECQCL tuning range, for which no light was emitted from the ECQCL. For image spectral analysis only the central 90 wavelength bands were used, corresponding to a spectral range from 953 to 1090 cm −1 (9.17 to 10.49 μm). The hyperspectral image acquisition parameters were selected to provide a compromise between acquisition speed and spectral resolution. If desired, the scan speed of the ECQCL could be adjusted for faster acquisition at lower spectral resolution, or for a slower scan at higher spectral resolution. In addition, a subset of the tuning range could be selected to further reduce the hyperspectral image acquisition time.
Samples were placed on either 1 in. diameter or 0.5 in. diameter ZnSe windows with antireflection coatings. The ECQCL beam was transmitted through the window and samples. An optical system was constructed to image the samples using a custom 0.5 in. diameter 0.8 NA Ge aspheric lens (5 mm effective focal length), combined with the 50 mm diameter, 38 mm focal length lens of the FLIR camera, which provided a calculated magnification of 7.6. The image scale was calibrated by imaging an object of known dimensions, from which a scale factor of 6.4 μm∕pixel was determined. Using the FPA pixel pitch of 47 μm, the experimentally determined magnification was 7.5 in good agreement with the value calculated from the lens focal lengths. The imaged sample region had dimensions 2 mm × 1.5 mm, as indicated in Fig. 1(c) . The edge response (10% to 90%) was measured to be 13 μm, corresponding to two pixels and demonstrating near-diffraction limited imaging. Over the ECQCL wavelength tuning range, the calculated diffraction limited spot size for the 0.8 NA objective lens ranges from 7 to 8 μm.
The explosives samples were obtained in the form of standard solutions from AccuStandard consisting of RDX, tetryl, and PETN dissolved in acetonitrile and/or methanol with 1 mg∕mL concentrations. While readily available and convenient for sample preparation through drop-casting of the solutions onto surfaces followed by solvent evaporation, the resulting particles or residues may not be representative of those in different explosives formulations. For example, formation of RDX α-and β-crystalline phases has been observed to depend on the amount of RDX deposited from solutions onto surfaces, and different infrared spectral properties have been observed for the two phases. 26 The examples of explosives particles and residues in this manuscript are not intended to present a comprehensive study of particle size and sample preparation techniques for explosives detection; however, similar applications of the hyperspectral microscopy technique would be valuable for future systematic studies of the dependence of the infrared spectrum on particle morphology. For the examples presented in this manuscript, two sample preparation methods were used. To prepare tetryl and PETN residues, a 4 μL droplet of solution was deposited directly onto a ZnSe window, leaving behind a total mass of 4 μg when the solvent evaporated. To prepare RDX and PETN particles, solutions were placed in metal sample trays and evaporated, leaving behind crystals or particles of the explosives. Small particles were scraped from the sample trays and transferred to the ZnSe window for investigation in the hyperspectral microscope. No adhesive was used for attaching the explosives to the windows, as the electrostatic attraction was sufficient for the small particle sizes investigated. Figure 2 (a) shows an image of particles of RDX obtained using the hyperspectral microscopy system, displayed as the mean transmitted intensity over all wavelength bands. The best image quality is obtained in the central portion of the image, with interference and diffraction effects becoming more noticeable near the edges. Each pixel in the image contains an associated transmission spectrum; Fig. 2(b) shows both the transmission spectrum averaged over all pixels in the image and over a 5 × 5 pixel region taken from the particle in the center of the image. The hyperspectral images were spectrally normalized by dividing the spectrum at each pixel by the mean spectrum over all pixels. This method was suitable for the low particle densities investigated here; for higher coverage samples the spectrum should be normalized to a user-selected portion of the image containing no sample, or to a separate blank image. However, normalizing to the mean transmission spectrum has the advantage of requiring no user input into the selection of a clean region of the image. An absorbance image A was calculated as A ¼ − lnðTÞ, where T is the normalized transmittance. Figure 2(c) shows an example of the normalized absorbance spectrum for the region in the RDX particle, and a comparison with a FTIR film transmission measurement taken on a different sample. While the peak locations and overall shape are similar between the two measurements, significant differences are also observed. For example, the microscopic spectrum presented here exhibits broadening of the absorption peaks, which may result from the high absorption for the thick particle. However, it is worth noting that the high spectral brightness of the ECQCL source allows transmission through thick particles with high absorption. A small peak shift is also observed, which may result from reflection losses at the particle surfaces contributing to the measured transmission spectrum. 27 The spectral information in each pixel can be used to highlight the chemical composition in the image. The top row in Fig. 3 shows a zoomed image of the RDX particle from Fig. 2 . The lower row in Fig. 3 shows an image of a smaller RDX particle. A bicubic pixel interpolation was used in the zoomed images to smooth the image and reduce pixilation effects. Also note that the group of black pixels appearing in both images (and subsequent figures) is a damaged location on the FPA. Figure 3(a) shows the mean transmitted intensity for both RDX particles, showing the spatial structure of the particles. Figure 3(b) shows an image of the absorbance at 1040 cm −1 , corresponding to a wavelength at the peak of the RDX absorption spectrum. A color mapping is used with red corresponding to high absorbance and black corresponding to low absorbance. Figure 3(c) shows an absorbance image at 1075 cm −1 , at a wavelength away from the RDX absorption peaks, and showing a smaller magnitude of absorption. Note that the particle is not completely transparent at this wavelength, in part due to nonresonant scattering and reflection effects. The small RDX particle shown in the lower row of Fig. 3 covers six pixels in the image, corresponding to an area of approximately 250 μm 2 . If we assume a spherical particle and an RDX density of 1.82 g∕cm 3 , this particle has an approximate mass of 5 ng. Figure 4 (a) shows the mean transmission image for a collection of tetryl deposits on a window. The absorbance spectrum averaged over a group of nine pixels in the center of the large particle (indicated by the square in the image) is shown in Fig. 4(b) by the red curve; the blue curve shows an absorption spectrum obtained using FTIR spectroscopy on a different thin film of tetryl. As with the RDX particles, the peak locations and shape of the absorption spectrum of the tetryl particle obtained in the microscopy experiment match well with the reference FTIR measurements, with the exception of similar small peak shifts.
Results
The spectral information associated with the image in Fig. 4(a) was used to locate a small tetryl particle barely visible in the mean transmission image. Figure 5(a) shows the absorbance spectrum obtained from a pixel near the center of the microscope image, in which the tetryl absorption peak at 1080 cm −1 is visible. Figure 5 (b) shows a differential absorption image obtained by subtracting the peak absorbance at 1078.5 cm −1 from a two-point baseline defined by a straight line through the absorbance at 1064.2 and 1087.8 cm −1 . The color mapping reflects this differential absorption, and highlights the location of the particle. The particle covers two pixels, corresponding to approximate dimensions of 6 × 12 μm. Based on the measured particle size and a density of 1.73 g∕cm 3 , the calculated mass for the tetryl particle is approximately 660 pg.
To demonstrate the potential of the hyperspectral infrared microscopy technique for material identification based on the infrared absorption spectrum, we performed a matched filter analysis as implemented in the ENVI software package. 28 The matched filter analysis determines the degree of similarity between an unknown spectrum and a set of library spectra (or endmembers), assigning a value between zero (no similarity) and one (identical spectra). Figure 6 shows library spectra used in the matched filter analysis, taken from normalized transmission spectra of particles of PETN, RDX, and tetryl in hyperspectral images. Hyperspectral images were selected for analysis which contained known particles of PETN, RDX, tetryl, and lint. Figure 7 shows the results of the matched filter analysis. The rows represent the different particles, while the columns show the results of the matched filter analysis at different thresholds of classification. The color coding in the image shows the results of the classification: red-PETN, green-RDX, and blue-tetryl. Column (i) shows the results at a low classification threshold of 0.1, which indicates a high degree of misclassification, or false positives, distributed across the images. Column (ii) shows a more useful classification threshold of 0.25, in which the number of false positives is greatly reduced. In particular, the lint particle shown in row (d) is not incorrectly identified as an explosive particle. Column (iii) shows results using a classification threshold of 0.5, which almost completely eliminates false positives in the identification, but at the expense of potentially missing some portions of particles or smaller particles, where the spectral match is not ideal. While not a comprehensive analysis, the matched filter results show one example of using the full spectral information to perform material identification, which could also be adapted for an automated detection algorithm.
The combination of spatial and spectral information can also reveal information about a sample unavailable when considering either factor alone. Figure 8 shows an example of hyperspectral imaging of a PETN residue. Figure 8(a) shows the mean transmission image, in which the PETN residue is barely visible. Inspection of the hyperspectral image indicated that two absorption peaks were present, both the peak at 1000 cm −1 as observed for the PETN particles in Figs. 6 and 7, as well as an additional peak near 1040 cm −1 . Figure 8(b) shows absorption spectra taken from selected pixels in the image showing either the individual peaks or both peaks appearing simultaneously. Figure 8 (c) and 8(d) shows absorbance images plotted for 1038.8 and 1002.9 cm −1 respectively. From the spectrally resolved images, it is apparent that the two absorption peaks correspond to different spatial locations within the PETN residue. It is worth noting that the ECQCL illumination was polarized along the horizontal axis of the image, which may be contributing to the two absorption resonances observed; however, additional polarization studies were not performed. While an investigation of the fundamental spectroscopy of PETN is not the focus of this paper, this example highlights the type of study made possible by the hyperspectral microscopy technique.
To characterize the noise performance and detection limits of the system, a hyperspectral image was collected of a blank scene containing nominally no absorbing particles. The image was normalized and the absorbance calculated for each pixel. The standard deviation of the spectrum at each pixel was then calculated as a measure of the spectral noise, and is plotted in Fig. 9(a) . The absorbance noise is not uniform over the image, partly due to variation in the illumination power and partly due to interference and diffraction effects. In particular, a rectangular aperture is clearly visible near the edges of the image, likely due to the edges of the FPA. A small dust particle is also seen in the center of the image, where the higher absorbance noise results from a low laser power transmitted through the dust particle. A histogram showing the distribution of absorbance noise for all pixels is shown in Fig. 9(b) ; the average absorbance noise over the entire image was determined to be 0.05.
The results presented above demonstrate the potential of the ECQCL-based hyperspectral microscopy technique for detection and identification of nanogram and subnanogram explosives particles. It is also interesting to calculate the expected detection limits based on physical and spectroscopic parameters, acknowledging that it is impossible to generalize to all materials and particle shapes. Solid materials typically have peak infrared absorption coefficients of 10 3 to 10 4 cm −1 . For example, in the spectral range probed by the ECQCL here, RDX has a peak absorption coefficient α of approximately 4000 cm −1
. 29 This corresponds to a minimum detectable thickness of 125 nm, expressed as a noiseequivalent value. A 10 μm thick particle should provide an absorbance of four, assuming a Beer's Law relationship of A ¼ αL (although this not valid quantitatively for these high values of absorbance, it is used here for estimation purposes). Using the RDX density of 1.82 g∕cm 3 , a 10 μm diameter spherical RDX particle has a mass of 715 pg. A particle of these dimensions should be resolvable by the microscopy imaging system, and also provide spectral absorption contrast with high SNR. It is worth noting that these calculations for estimated detection limits are somewhat conservative. In practice, it should be possible to detect the absorption from particles with dimensions smaller than a single pixel, even if the particle is not fully resolved in an imaging sense. In addition, using the full spectral information instead of the absorption at a single wavelength will further improve the SNR and detection limits.
Conclusions
We have presented a technique for performing hyperspectral microscopy using a broadly tunable ECQCL source to provide MIR illumination. Images were recorded with near diffraction-limited performance at the infrared wavelengths used. The combination of a high-brightness ECQCL with a microbolometer FPA detector allows rapid data acquisition with high SNR. The apparatus was used to perform imaging of small explosives particles and residues, and a subnanogram detection limit was demonstrated. The spectral data contained in the hyperspectral images was used to measure absorption spectra of explosives on a microscale. This spectral data was used for material identification and characterization, and to highlight different features of an image unavailable by imaging with a single wavelength. An example of material identification was presented using a matched filter analysis. The noise of the system was characterized, and shows considerable room for improvement with optimization of imaging optics and reduction of coherent artifacts due to interference and diffraction. In addition, a multielement lens designed as a microscope objective could be used to improve image quality for off-axis points in the image. Development of broadband QC laser devices should allow for greater wavelength coverage from a single ECQCL system, and the compact size of the ECQCL allows for integration of multiple ECQCL sources.
Future work will adapt the microscopy apparatus to perform imaging in a reflection or scattering geometry, and will include investigation of other materials. The ability to detect and identify trace quantities of solid materials has direct applications in materials science, biology, forensics, and atmospheric sciences. In addition, continued study of the spectroscopy of explosives and other materials at a microscale will hopefully provide insight into standoff detection at greater distances, through correlation of spectroscopic properties with sample morphology. Although particles may not be spatially resolved individually in standoff detection applications, the microscopic spectroscopic properties are important in understanding the overall spectral response averaged over larger areas. For standoff detection of rough samples or residues, effects such as scattering from multiple particle interfaces are important and depend strongly on sample morphology. 30 Finally, development of reliable threat detection algorithms will require detailed knowledge of the expected spectral variations in explosives due to particle shape and size, crystalline form, sample matrix for mixed samples, background substrate effects, and observation geometry. Bruce E. Bernacki has worked at Pacific Northwest National Laboratory, a DOE Office of Science laboratory managed by Battelle Memorial Institute, since 2005 as a senior research scientist. An optics professional with 25 years of experience in optical design, modeling, optical component manufacturing, and optical data storage, he holds PhD and MS degrees in Optical Sciences, as well as a BSEE, all from the University of Arizona. He has worked in both the government and private sector in both basic research and product development environments. At PNNL his research activities include optical design for applications ranging from the UV to submillimeter wave region, waveguide design and analysis, stray light analysis, physical optics modeling, thin film design and optical instrument design and fabrication for various spectroscopic, imaging and fluorescence methods.
